Negative refraction of acoustic waves in a two-dimensional (2D) phononic crystal is studied by numerical simulation based on the finitedifference time-domain (FDTD) method. We calculate the phonon band structure of 2D phononic crystals, consisting of metal cylinders placed periodically in a liquid. By comparing several combinations of materials for metal cylinder and liquid, we analyze the dependence of the band structures on sound speed and density of liquid media. The negative refraction of the acoustic waves is observed at the interfaces between the phononic crystal slab and the liquid. We find that an acoustic ''lens effect'' with the slab appears due to the negative refractions. The relationship between the focal intensity in the lens effect and the band structure of the phononic crystal is quantitatively discussed.
Introduction
In 1968, 1) Veselago presented possible features of the metamaterial, which has negative permittivity and permeability simultaneously. A negative refractive index is one of these features. Conventional optical lenses have positive refractive index, so it needs curved surfaces to get an image focused, whereas a negative refraction allows flat slab to focus electromagnetic waves.
2) Recently, 3) this material, known also as a left-handed material, has been designed theoretically and experimentally. 4) The negative refraction behavior can also be achieved without negative permittivity/ permeability or backward wave effect. 5) It is due to the negative photonic effective mass. In this case, the photonic crystal has an effective refractive index attributed to the photonic band structure. Such a photonic crystal behaves like a right-handed but unconventional medium.
Recently, analogous phenomena for acoustic and elastic wave propagation in phononic crystals have been predicted. 6) In Ref. 6), a negative refraction and an imaging effect of acoustic waves were achieved in the phononic crystal consisting of square arrays of rigid or liquid cylinders embedded in air background. Also, an acoustic negative refraction was observed experimentally in steel cylinders placed in air background. 7, 8) Computer simulation 9) also supports that the phononic crystal, consisting of a hexagonal array of steel cylinders in air back ground, exhibits the acoustic lens effect. This effect is expected to lead to novel mechanisms for acoustic devices, acoustic sensors, and acoustic energy carriers to piezoelectric generator, for example.
In the present study, we calculate the dispersion relations of phonons and equivalent frequency surface (EFS) of 2D phononic crystals, which consist of metal cylinders embedded in liquid base, using the finite-difference time-domain (FDTD) method. We demonstrate existence of the negative refraction of acoustic waves at the interface of the liquid and the phononic crystal slab. Frequency range for the negative refraction is shown to be controlled by the liquid base. This paper is organized as follows: Section 2 describes briefly the basic formalism and the computational methodologies used in the present study. Results of the simulations are presented in Sec. 3. Dependence of band structure and transmission properties on two material parameters is examined. Summary of the present analyses is given in Sec. 4.
Basic Formalism
We consider a 2D system consisting of infinitely long cylinders parallel to the z axis and the material parameters are independent on the coordinate z. The propagation of elastic wave is assumed to be only in x À y plane. The elastic wave equation in such a system is written as
where u x , u y are the x-or y-component of the displacement and is the mass density. The stress tensor ij ði; j ¼ x; yÞ is represented as
where C 11 , C 12 and C 44 are elastic constants which depend on the position. In an isotropic system, these are related to the longitudinal and transverse speeds of wave c l and c t as
. To calculate the band structure of bulk systems, the Bloch theorem is applied to these equations. We then solve the elastic wave equation in real space and time with initial conditions using the FDTD algorithm.
10) The FDTD method is a powerful tool to deal with the wave transmission problem in finite size composites. The FDTD algorithm is based on discretization of the equation in spatial and time domain. After the stationary state is reached, temporal spectra of the * Graduate Student, Okayama University Materials Transactions, Vol. 50, No. 5 (2009) pp. 1004 to 1007 Special Issue on Nano-Materials Science for Atomic Scale Modification #2009 The Japan Institute of Metals displacements are Fourier-transformed to frequency domain. We then identify the eigenfrequencies at a given wave vector by finding the peaks in the frequency spectra. 11) We perform the FDTD run for 2 21 time steps for each wave vector. The transmission properties are also investigated by the FDTD method. Sinusoidal incident waves are generated at a line source placed in liquid bases. Intensity of the transmitted waves is calculated by time-averaging of amplitude of the displacement.
Results

Dependence on sound speed of liquid
In the present study, we first fix the material for the solid cylinders in the phononic crystals and change the liquid media to extract the dependence of the phononic properties on the relative density and sound speed. Tungsten is chosen as the material for the cylinders. The mass density and sound speeds of tungsten and liquids are as follows:
chloroform, respectively. We select these liquids because these have roughly the same density, while the sound speeds are rather different. The filling fraction of cylinders is fixed at 50% and lattice constant is a ¼ 5 mm. Figure 1 shows the first phonon band of the systems with three different liquids. They all have a nearly symmetrical peak with respect to the wave vector at the M point in the first Brillouin zone. This feature is essential to cause the acoustic negative refraction. 5) Moreover, the first band is low lying when the sound speed is small. This indicates that negative refraction frequency can be controlled by choice of the liquid media. Figure 2 shows the EFS for the tungsten phononic crystal in the water. We find that a nearly circular EFS is formed around the M center of the first band. Such an EFS leads to the all-angle negative refractions and, in turn, to the refocusing of the transmitted waves, because at every k-point on this circle, the gradient d!=dk k is pointing to the M center. From Fig. 1 and Fig. 2 we thus expect to observe the lens effect if the incident frequency f is set around 0.65 MHz.
5)
Next, we demonstrate the negative refraction and the resulting acoustic lens effect by phononic crystal slab via FDTD simulations. The simulation setup is shown in Fig. 3 . Figure 3 also shows the schematics of the negative refraction and the lens effect. There are 8 layers of tungsten cylinders in the slab. A line source is placed at the left side of the slab, and the phononic crystal slab is placed in a liquid with the surface normal to the ÀM direction. Acoustic waves are emitted from the line source and propagate into the 2D phononic crystal Negative Refraction of Acoustic Waves in a Two-Dimensional Phononic Crystal via FDTD Simulationslab, which has negative refractive index n ¼ À1. The transmitted waves are then refocused at the right side of the slab.
In Fig. 4(a) , we can see that the acoustic waves are focused at the right side of the phononic crystal slab in the water. Similarly in Fig. 4(b) and 4(c) , we show the FDTD results for glycerin and for chloroform, respectively. The incident acoustic wave frequency are all the same value at f ¼ 0:65 MHz. In contrast to the case in Fig. 4(a) , these figures show no negative refraction as we expected from the bandstructure analysis. The incident waves are reflected or transmitted because these systems have positive refractive indices effectively at this frequency.
Dependence on density of liquid
We investigate the dependence of the band structure on the relative density of the liquid media to the metal cylinder. In this case, we select the liquid materials with roughly the same sound speeds. The relative densities of the liquids are expressed as ¼ 0 , where 0 is metal cylinder's density. We change the parameter as ¼ 0:01, 0.05 and 0.1 for liquid1, liquid2 and liquid3, respectively. We fix the ratio of elastic constant C 11 as metal : liquids ¼ 1 : 10 À3 . The filling fraction of cylinders is fixed at 50% same as in the previous section. We can see from Fig. 5 that as the relative density is smaller such as liquid1, the peak at the M point is higher than 
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T. Kurose, K. Tsuruta, C. Totsuji and H. Totsuji the others. In this figure, the frequency f is normalized to fa=c l , where c l is the longitudinal sound speed of the metal and a is the lattice constant. It indicates that the negative refraction frequency can also be controlled by the relative density of liquid base. Figure 6 shows the acoustic lens effect by the phononic crystal in liquid2. Normalized frequency of the incident wave is 0.32, at which we expect the negative refraction from the band-structure analysis. In contrast to Fig. 4(a) , the focal intensity is rather weak due to the nonsymmetrical shape of the EFS around the M point in its band structure. The system is symmetric along À-M (and equivalent) lines attributed to its square-lattice symmetry. Further symmetry of the EFS may be reflected by shape of the cylinders and relative sound speed. 5, 6) 
Summary
In summary, we investigated the negative refraction of acoustic waves at the interface of liquid and the 2D phononic crystal slab. The negative refraction frequency can be controlled by relative sound speed and density of liquid. The negative refraction is occurred at 0.65 MHz in the case of tungsten phononic crystal with lattice constant a ¼ 5 mm embedded in water. On the other hand, when using chloroform instead of water, it occurrs at about 0.3 MHz. The acoustic lens effect is demonstrated by simulating circular waves transmitting through a phononic crystal slab. The focal intensity depends on the shape of the EFS in the phononic band structure. Further analyses of the dependence on structures, such as shape of the cylinders, dimensionality of the crystals, etc., are in progress.
